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Abstract: The goal of this study is a comparative analysis of the efficiency of the PDT protocols
for CT26 tumor model treatment in Balb/c mice employing red and blue light with both
topical and intravenous administration of chlorin-based photosensitizers (PSs). The considered
protocols include the doses of 250 J/cm2 delivered at 660 nm, 200 J/cm2 delivered at 405 nm,
and 250 J/cm2 delivered at both wavelengths with equal energy density contribution. Dual-
wavelength fluorescence imaging was employed to estimate both photobleaching efficiency, typical
photobleaching rates and the procedure impact depth, while optical coherence tomography with
angiography modality (OCT-A) was employed to monitor the tumor vasculature response for up
to 7 days after the procedure with subsequent histology inspection. Red light or dual-wavelength
PDT regimes with intravenous PS injection were demonstrated to provide the most pronounced
tumor response among all the considered cases. On the contrary, blue light regimes were
demonstrated to be most efficient among topical application and irradiation only regimes. Tumor
size dynamics for different groups is in good agreement with the tumor response predictions
based on OCT-A taken in 24h after exposure and the results of histology analysis performed in 7
days after the exposure.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Photodynamic therapy (PDT) is nowadays actively introduced into clinical practice as a technique
for tumor treatment owing to both pronounced anticancer effect and good cosmetic results [1–10].
To enhance the potentialities of PDT, the development of novel protocols of PDT that efficiently
employ spectral properties of photosensitizers (PSs) are of importance owing to wider capabilities
of customizing the treatment tactics. For PSs with high absorption in different spectral ranges, the
irradiation wavelength is a parameter of choice in a PDT procedure. Due to significant difference
in the optical properties of biotissues in different bands of visible spectrum [11] the depth of
the PDT procedure impact can be controlled by the choice of proper PS activation wavelength.
Typical penetration depth of red light is much larger as compared to blue light [12–14] thus
providing deeper action, while blue light is efficient for superficial impact.

Studies of PDT performance with employment of different wavelengths primarily report on
ALA, MAL or protoporphyrins based PSs, since their absorption spectra feature a peak around
410 nm and bands in the green and red wavelength ranges. In vitro studies provide an opportunity
to compare the efficiency of different PDT regimes at the cellular level [15,16]. Several studies
report on multiple-wavelength PDT in in vitro versus in vivo tumor models [17–19]. In [17] the
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efficiency of multiple-wavelength PDT with protoporphyrins was studied using several irradiation
lines (405 nm, 505 nm, 545nm, 570 nm and 635 nm) in a single-wavelength mode and in all
possible pairwise combinations. Antitumor action of ALA based-PDT in HT-29 human colon
cancer cell line in vitro and in nude mice with implanted HT-29 cells [18] was shown to be the
most efficient with the use of blue light (405 nm) and broadband white light as compared to
red light (635 nm) irradiation. Greater antitumor effect of blue (405 nm) and green (525 nm)
irradiation compared to red light (635 nm) of equal dose was also revealed during 5-ALA based
PDT in animal model of peritoneal metastasis [19]. In normal tissues, differences in vascular
damage were demonstrated after PDT with benzoporphyrin derivative for irradiation at 690 and
458 nm wavelengths [20]. The efficiency of different light sources in ALA- and MAL-based PDT
was also evaluated in clinical studies, in particular in patients with basal cell carcinoma (BCC)
in the setting of basal cell nevus syndrome (BCNS) [21–23]. In the paper [24] a comparative
analysis of using red and green light in the ALA-based PDT of Bowen’s disease is reported.
Treatment was conducted with red (630 nm) and green (540 nm) light sources with equal fluence
rate and was accompanied by monitoring of surface fluorescence excited by ultraviolet lamp with
peak emission at 365 nm as well as contactless IR measurement of surface temperature.

Chlorin-based photosensitizers (PSs) are a wide class of PDT agents benefiting from two
pronounced peaks in the absorption spectrum located in the red and the blue bands of the visible
spectrum. However, a few wavelength comparison studies were reported with this type of PSs.
Effects of low-dose PDT with blue light (405 nm), red light (660 nm) and their combination
on normal tissue after topical application of chlorin-based PSs mimicking typical treatment
procedures in antibacterial therapy and aesthetic medicine were reported in our previous paper
[13]. A more pronounced response of normal tissues to blue light exposures as compared to
red light exposures was demonstrated for both PDT and irradiation-only regimes. In the paper
[25] the effect of chlorin e6 mediated photodynamic inactivation against biofilms related to
periodontitis was evaluated depending on the light source wavelength (450 and 660 nm).

Another possible option in tuning the PDT protocol is the PS administration way. Most of the
anticancer protocols use intravenous injection, however, topical administration is also considered
as a method of choice for particular applications [26–28]. So far, no systemic comparison among
topical administration PDT protocols as well as their comparison with intravenous injection
protocols delivered in the same environment has been reported.

Optical imaging guidance of PDT has a high potential in clinic since it allows for non-invasive
real-time monitoring of PDT and evaluating the post-treatment outcome of the procedure [29].
One of the imaging modalities implemented to assist PDT is the fluorescence imaging (FI)
[29–31]. Owing to the fluorescence properties of PSs, FI modalities realize excellent theranostic
combination with PDT [32–34]: they are employed for pre-treatment monitoring of PS distribution
as well as for evaluation of PS photobleaching in course of PDT. PS photobleaching rate can
serve as a dosimetric parameter of the procedure efficacy [32,33,35–39]. With the use of the
PSs characterized by dual-wavelength excitation, FI benefits from simultaneous observation of
both superficial and deeper layers [40–42]. The ratio of the fluorescence response values at the
two excitation wavelengths provides the information about the PS penetration depth in case of
topical PS administration [13]. However, this approach has not been used yet for evaluation of
a PDT procedure performance. Optical imaging techniques additionally allow to trace tumor
blood-flow alterations as a response to the PDT procedure. A number of optical modalities for
monitoring tumor blood flow [43], including diffuse correlation spectroscopy and laser Doppler
technique [44–48], were reported to monitor PDT procedures. Laser Doppler techniques allow
monitoring of the flow changes with spatial resolution of hundreds µm with the probing depth
limited by superficial tissue layer [43–46]. Diffuse correlation spectroscopy provides deeper
probing, however, at the expense of spatial resolution [44, 47,48]. Optical coherence tomography
(OCT), being implemented as an assisting imaging modality for PDT, can provide real-time
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monitoring of tumor structural changes [38]. OCT-based angiography (OCT-A) demonstrates
promising results as a tool for the early evaluation of tumor response [49,50] providing spatial
resolution below 20 µm, however, imaging depth is limited by ∼ 1 mm. Tumor and peri-tumor
vascular reaction assessed from OCT-A estimation of the perfused vessels average density allows
to predict PDT clinical outcome (complete response/recurrence) as well as cosmetic outcome
(normotrophic/hypertrophic scar) [51,52].

The aim of this study is a comprehensive comparative analysis of PDT protocols with chlorin-
based PSs upon intravenous injection or topical administration employing both red and blue light
for tumor treatment in in vivo animal experiment. In addition to traditional visual inspection and
morphological studies the performed study employs non-invasive optical monitoring techniques,
dual-wavelength FI and OCT-A, as well as local non-contact temperature measurements to
evaluate the effect of treatment at all stages: prior to PDT, in the course of PDT procedure and
in its follow-up of 7 days. A combination of the parameters collected from dual-wavelength FI
data was used to analyze the effect of PDT in various treatment regimes, and OCT-A imaging
performed in 7 days after treatment allowed to predict the tumor response verified visually and
histologically.

2. Materials and methods

2.1. Animals

The study was performed on tumor model of murine colon carcinoma CT26 in 2-months-old
female Balb/c mice (n= 32). Cells in the amount of 5× 105 in 100 µl of PBS were injected
subcutaneously into the outer side of the left shin. The tumor inoculation area was shaved prior
to injection; in the following experiment the tumor site was additionally shaved if necessary
to avoid artefacts during treatment and optical monitoring. The developed tumor model was
subject to treatment in 7 days after inoculation when its linear size reached 3-5 mm. The skin
thickness on the top of the tumor was evaluated around 200 µm based on structural OCT data
and morphological information, which is in a good agreement with previously reported data
[53]. Prior to topical PS application and the PDT procedure the animals were narcotized with the
intramuscular injection of the mixture of 40 mg/kg Zoletil (Valdepharm, France) and 10 mg/kg
XylaVet (Alpha-Vet Veterinary Ltd., Hungary). The animal studies were approved by the Ethics
Committee of Privolzhsky Research Medical University (Protocol #7, 03.07.2017).

2.2. PDT protocols design

The study aimed at comparative analysis of antitumor PDT protocols with both intravenous
injection and topical application of chlorin-based PSs employing irradiation with red and blue
light alone or in combination. The exposures with the doses of 250 J/cm2 delivered with red
light (λ= 660 nm), 200 J/cm2 delivered with blue light (λ= 405 nm), and 250 J/cm2 delivered
with combination of red and blue light in equal doses were considered. The nomenclature of the
studied protocols is summarized in Table 1. The chosen doses are within the typical oncological
range of 100-600 J/cm2 [54]. Smaller dose for the blue light only regime and lower fluence
rate for blue light illumination are aimed at avoiding excessive tumor heating. According to the
spectra measured in [14], the 6-fold (blue to red) difference in absorption coefficient µa and 3-fold
(blue to red) difference in reduced scattering coefficient µ′s is observed for cutaneous murine
tumor (with account of skin), thus resulting in about 4-fold difference (red to blue) in penetration
depth estimated as δ = 1/

√︁
3µa(µa + µ

′
s ). Since the absorption of blue light primarily occurs

in superficial layers, the absorbed dose accumulated in this volume for the blue light procedure
exceeds that for the red light procedure, so the total dose was decreased to diminish this effect. In
the dual-wavelength regime the red light dose is delivered first followed by the blue light dose, in
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order to avoid the effect of alterations in superficial tissues properties that may be induced by
excessive absorption of blue light.

Table 1. Nomenclature of the employed PDT protocols and animal groups

Protocol
abbreviation

Photosensitizer Delivered dose Fluence rate Number of
animals

PDT r250-i “Fotolon” (Russia),
intravenous
injection

250 J/cm2 @660 nm 200 mW/cm2 3

PDT b200-i 200 J/cm2 @405 nm 100 mW/cm2 3

PDT rb250-i 125 J/cm2@660 nm +
125 J/cm2@405 nm

200 mW/cm2

@660 nm +
100 mW/cm2

@405 nm

3

PDT r250-t “Revixan”
(Russia), topical
application

250 J/cm2 @660 nm 200 mW/cm2 3

PDT b200-t 200 J/cm2 @405 nm 100 mW/cm2 3

PDT rb250-t 125 J/cm2@660 nm +
125 J/cm2@405 nm

200 mW/cm2

@660 nm +
100 mW/cm2

@405 nm

3

IRR r250
No photosensitizer

250 J/cm2 @660 nm 200 mW/cm2 3

IRR b200 200 J/cm2 @405 nm 100 mW/cm2 3

IRR rb250 125 J/cm2@660 nm +
125 J/cm2@405 nm

200 mW/cm2

@660 nm +
100 mW/cm2

@405 nm

3

Control
(untreated)

No
photosensitizer

No exposure No exposure 5

In the protocols with intravenous injection, Fotolon PS (Vetagrand, Russia) was administered
intravenously in the amount of 5 mg/kg two hours prior to PDT procedure [54–56]. In the
protocols with topical application, a PS gel Revixan (Revixan Ltd., Russia) containing 0.1% of
pure chlorin e6 [12] was applied topically in the amount of ∼0.1 ml and was distributed evenly
with a cotton swab to cover all the tumor surface (approx. 2 cm2); in 30 minutes after application
the rest of the PS was removed from the tumor surface, also with a cotton swab. Prior to the PDT
procedure all the surrounding tissues except the treated area were covered by a reflecting tape to
avoid their direct irradiation. During the application period and after the PDT procedure mice
were kept in darkened cages. The irradiation was performed with the PDT device “Harmonia”
(Laser MedCenter Ltd., Russia) equipped with LED arrays with the wavelengths of 405 and 660
nm, the fluence rate at the tissue surface was 200 and 100 mW/cm2 for wavelengths of 660 and
405 nm, respectively. The irradiation spot size was 9 mm in diameter.

Reference groups included control group (no exposure, natural tumor growth), and irradiation-
only groups, in which the tumors were subject to the same light exposure but without PS
administration. Each PDT and irradiation-only group consisted of 3 animals, control group
included 5 animals.

Dynamics of the tumor growth was chosen as one of the criteria of PDT efficiency. In this
connection, each tumor was measured in three dimensions prior to the procedure, and then each
day after the procedure during 7 days in total. It was assumed that 7 days is a sufficient period for
detection of the difference in the dynamics of tumor development. Assuming tumor shape to be
close to an ellipsoid, tumor volume was calculated as

V =
4
3
π

a
2

b
2

c
2

, (1)
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where a, b, and c are the measured length, width and height of the tumor, respectively. In order
to quantify the effect of the considered treatment protocols on the tumor growth, we introduced
the tumor growth inhibition factor (TGI) calculated as:

TGI =
V̄c − V̄

V̄c
· 100% (2)

where V̄c is the average volume of tumor in the control group at a given time point, while V̄ is the
average tumor volume in the particular treatment group at the same time point. For the control
group this index is equal to zero indicating no tumor growth suppression. Due to differences in
the individual tumor growth dynamics, this index may vary in time for a particular group.

2.3. Tools for PDT monitoring

Dual-wavelength fluorescence imaging. Monitoring of PS accumulation in the tumor and
its photobleaching in the course of PDT procedure was performed by the custom-made dual-
wavelength fluorescence imaging device (IAP RAS, Russia) with probing wavelengths of 405 and
660 nm [41,57] corresponding to the absorption bands of chlorin e6, while fluorescence detection
was performed in the range of 702-842 nm. The device provides two-dimensional fluorescence
images of the target area at both excitation wavelengths registered with a 12-bit CCD camera.
The power of the probing light sources is 1.9 and 1.1 mW at 405 and 660 nm, respectively, with
exposure time for each frame below 0.5 s. Fluorescence imaging was performed prior to PDT and
in the course of PDT procedure. The drop in the fluorescence signal indicating PS photobleaching
was considered as the indicator of the procedure efficiency. For quantitative characterization, the
photobleaching efficiency PE and fluorescence signal ratio Rλ were calculated as

PE = I1 − I2

I1
· 100%, Rλ =

I660

I405
, (3)

where I1 and I2 are fluorescence intensities averaged over the region of interest (ROI) before
and after PDT procedure, respectively, and I660 and I405 are current fluorescence intensities
averaged over ROI detected at excitation wavelengths of 660 and 405 nm, respectively. In order to
estimate the parameters of photobleaching kinetics in the given exposure regime, the fluorescence
decay curve versus the delivered light dose D at each excitation wavelength was fitted by a
bi-exponential function [58,59]:

Ik(D) = A(1)e−d(1)D + A(2)e−d(2)D, (4)

where Ik is the intensity of fluorescence excited at a certain wavelength (k= 405, 660), A(1),(2)

and d(1),(2) are the amplitudes and the photobleaching rate constants, respectively.
Optical coherence tomography. OCT-1300E device (IAP RAS, BioMedTech Ltd., Russia)

operating at the central wavelength of 1300 nm and providing 3D OCT imaging with axial
spatial resolution of 15 µm combined with OCT-angiography was employed to monitor structural
and functional changes after the light exposure with or without PS. OCT-angiography concept
implemented in the device is based on the analysis of decorrelation of OCT image speckle
pattern induced by blood flow within the tissue vasculature [60,61]. The device is equipped with
the contact probe which pressure to the tissue was controlled by a custom-designed holder to
avoid effects of tissue compression on OCT images [62]. OCT imaging of the target area was
performed prior to and immediately after the exposure, and in 1, 4 and 7 days after the procedure
(in 24, 96 and 168 hours, respectively).

Temperature measurements. Since an excessive increase of the tumor temperature during
the procedure may induce hyperthermia effect [63–65], monitoring of the surface temperature was
performed in the treatment site prior to and immediately after the light exposure by non-contact
IR-thermometer Optris (Germany) characterized by the accuracy of 0.1 K. Individual temperature
changes were calculated to estimate the possible effect of hyperthermia during treatment.
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2.4. Histopathology studies

Biopsy samples were taken from the tumor sites in 7 days after PDT procedure following OCT
examination and were further subjects for H&E staining. Morphological studies were performed
by Leica DM 2500 microscope. Tumor response to the treatment was evaluated by a qualified
morphologist in accordance with 4-grade scoring system accounting for the presence and the
percentage of necrotic areas, hemorrhages, destroyed vessels, cells with pathologic mitosis, etc.
Detailed description of the employed classification based on the histology inspection results is
given in Table 2.

Table 2. Morphological criteria for different tumor response scores

Criterion Grade 1 Grade 2 Grade 3 Grade 4

Necrosis area 5-10% 15-20% 20-25% above 30%

Cells dystrophic
alterations

+ ++ +++ +++

Vessel destruction
(microcirculation
interruption)

+ +++ +++ +++

Inflammation - + ++ ++

Number of tumor cells high average average low

Proliferation of connective
tissue

- + ++ +++

Hyalinosis - - + ++

Increase of mitotic activity - + (single
within field of
view h400)

++ (below 10 within
field of view h400)

+++ (above 10 within
field of view x400)

Presence of pathological
mitoses and giant cells

- - + (singular occurrences
within field of view
h400)

++ (above 5 within field
of view h400)

Grade 1 corresponds to the primarily unaltered tumor tissues, however, single dystrophic and
necrobiotic alterations may present due to natural excessive tumor development (spontaneous
necrosis). In stromal tissue microcirculation disorders manifested by hemorrhages may present
together with the focal proliferation of connective tissue and the enhancement of cell mitosis.

Grade 2 corresponds to the alteration in typical tumor morphologic structure manifested by
dystrophic cell alterations, focal necrosis, and focal proliferation of connective tissue. Weak
inflammatory reaction presents and is manifested by the round-cell infiltration together with the
microcirculation interruption manifested by the destruction of capillaries. Increase of mitotic
activity of tumor cells is observed as a reaction to the treatment accompanied by the presence of
pathologic mitosis and formation of giant cells.

Grade 3 includes pronounced alterations in typical tumor structure as a result of massive
necrosis, significant microcirculation interruption and connective tissue proliferation. Pronounced
inflammatory reaction presents and is accompanied by the increased mitotic activity of tumor
cells with pathologic mitosis and giant cells together with the microcirculation interruption
manifested by the destruction of capillaries.

Grade 4 indicates destruction of tumor tissue and massive necrosis, complete elimination of
tumor cells is possible. Proliferation of connective tissue is observed together with hyalinosis.
Tumor vasculature is destroyed. Possibly preserved tumor tissue contains numerous pathologic
mitoses and giant cells.
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3. Results and discussion

3.1. Fluorescence and temperature monitoring

Figures 1(a),(c) show the autofluorescence images of murine leg with inoculated tumor acquired
at the two excitation wavelengths. The figure demonstrates that the level of autofluorescence
is negligible compared to PS fluorescence. Figuresw 1(b),(d) depict fluorescence images of
murine leg after topical application of PS and removal of its excess from the skin surface after
30-minutes exposition exhibiting high level of fluorescence signal (the mouse is covered with a
reflecting tape with a hole in the tumor area). Monitoring of PS accumulation in the tumor upon
intravenous injection observed by means of FI is shown in Fig. 2. Fluorescence imaging clearly
demonstrates the contrast in accumulation of PS in the tumor with respect to the surrounding
normal tissues. Dynamics of the fluorescence response from the tumor area (averaged over ROI
indicated by dashed contour) during PS accumulation for excitation at the wavelengths of 405
and 660 nm is shown in Fig. 2(i) and the plateau in the accumulation is observed after 1 hour. As
shown in [55], highest accumulation of Fotolon PS in murine tumor occurs in 2-4 hours after
injection, which is in agreement with our observations and confirms that the chosen accumulation
interval of 2 hours was the optimal one.

Fig. 1. Autofluorescence images of a Balb/c mouse leg with inoculated CT26 tumor (a,c)
and fluorescence images of the murine leg covered with a reflecting tape in 30 minutes
after PS topical application and removal of excessive PS (b,d) acquired at the excitation
wavelengths of 405 (a,b) and 660 (c,d) nm. Dashed contour shows the position of the mouse
leg.

PS photobleaching kinetics in the course of PDT procedure is one of the predictive factors of
the efficiency of photodynamic reaction [66]. Figure 3 shows typical kinetics curves registered
in tumor ROI in the course of PDT for different regimes with intravenous injection and topical
administration for both excitation wavelengths together with the bi-exponential fitting curves
in the form (4). For the case of intravenous injection, the accumulation of PS in tissues occurs
due to microcirculation. In the ROI, PS is contained mainly in tumor and, to a lesser extent,
in the skin covering the tumor; therefore, superficial layers contain less PS as compared to
topical administration. In the case of blue light irradiation (PDT_b200-i) photobleaching
occurs primarily in the skin and in the superficial tumor region. The volume under exposure
corresponds to the probing volume of blue-light excited fluorescence (λ= 405 nm), while the
probing volume of red-light excited fluorescence (λ= 660 nm) is larger, which is demonstrated
by higher fluorescence level of the latter by the end of the PDT procedure. The PDT_r250-i
procedure provides a deeper impact compared to blue exposure, which is detected by almost the
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Fig. 2. Fluorescence images of a Balb/c mouse leg with inoculated CT26 tumor in 3(a,e), 15
(b,f), 60 (c,g) and 120 (d,h) minutes after intravenous PS injection acquired at the excitation
wavelengths of 450 (a-d) and 660 (e-h) nm and corresponding PS accumulation dynamics
within the tumor ROI after intravenous injection (i).

same fluorescence decay both for red and blue excitation wavelengths. For topical application
protocols, the PS accumulation occurs primarily in superficial layers well sensed by both blue
and red light excitation, so both excitation wavelengths demonstrate close dynamics. Since
the absorption of PS at 405 nm is higher, PDT_b200-t procedure demonstrates more efficient
photobleaching as compared to PDT_r250-t. Dual-wavelength regimes examples are not shown:
they primarily repeat red light regimes as the red light fraction is delivered first and governs the
fast part of the fluorescence kinetics.

Fig. 3. Typical photobleaching kinetics registered by dual-wavelength (@405nm and @660
nm) fluorescence monitoring: normalized intensity of PS fluorescence in the course of
PDT procedures with red (a) and blue (b) light regimes. Dots correspond to the measured
fluorescence intensity. The bi-exponential fit (solid line for intravenous injection and dashed
line for topical administration) calculated by Eq.(4) is given for each measured kinetics.

The photobleaching rate (PR) constants d(1) and d(2) calculated from fluorescence decay curves
are summarized for all regimens and fluorescence excitation wavelengths in Fig. 4(a),(b). It is
a general observation that d(1) exceeds d(2) by about an order of magnitude among all groups
related to the same PS application mode (intravenous or topical), as the low-dose section of
each kinetics curve is characterized by significantly faster decay than the rest of the curve. The
values of the “fast” PR constant d(1) are close for red-light and dual-wavelengths exposures and
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amount about d(1) ≅ 0.1 cm2/J, however, for blue-light exposure the fast kinetics is different: for
PDT_b200-i regime d(1) is reliably higher, while for PDT_b200-t regime d(1) is reliably smaller
than typical values for red-light containing PDT regimes. Note that when the photobleaching
effect is observed by the fluorescence detection in vivo, estimation of “true” photobleaching
rate is complicated by the influence of absorption and scattering on the irradiation density
and, thus, non-equal photobleaching at different depths [66]. It is seen from Fig. 3 that the
amplitude of “slow” kinetics characterized by the rate d(2) is larger for the regimens with topical
PS administration, and d(2) values are generally higher in this case. This can be explained by
the difference in the PS concentration and distribution in the exposed tissue volume for the two
ways of PS administration, and therefore, its differing in-depth profile change in the course of
photobleaching, and probably by the difference in oxygen concentration in superficial and deeper
biotissue layers which may influence the photobleaching rate during photochemical reaction
[67,68].

Fig. 4. Photobleaching rate constants d(1) (a) and d(2) (b), photobleaching efficiency PE
(c) and fluorescence signal ratio Rλ (d) registered upon fluorescence excitation by blue
(@405 nm) and red (@660 nm) light in different intravenous (i) and topical application (t)
regimes of the PDT procedure according to Table 1. Asterisk shows statistically significant
difference.

Typical values of photobleaching efficiency PE defined by formula (3) for all the considered
PDT regimes are shown in Fig. 4(c). For all cases average PE values exceed 70% indicating a
high percentage of PS molecules involved into a photodynamic reaction in the probing volume.
Monitoring of PDT_r250-i procedure demonstrates high PE at both probing wavelengths owing
to efficient penetration of red light into tumor tissue where PS is primarily accumulated. In the
case of PDT_r250-t PE is smaller presumably owing to shorter interval of “fast” kinetics as
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compared to PDT_r250-i. In the PDT_b200-i regime with intravenous PS delivery, a statistically
significant difference at red and blue excitation wavelengths is observed due to the dominating
superficial exposure. PDT_b200-t regime demonstrates high PE owing to efficient absorption of
blue light by the PS accumulated in superficial layers, revealing no significant difference between
two excitation wavelengths. Dual-wavelength regime with intravenous injection demonstrates
smaller PE as compared to PDT_r250-i and smaller difference between the excitation wavelengths
as compared to PDT_b200-i. PDT_rb250-t regime shows the values close to the corresponding
red light regime. Note that high PE values in the case of topical administration regimes indicate
only efficient impact in the superficial tumor layers, while the tumor response can be weak due to
absence of PS in deeper tumor layers. In this situation, the ratio of fluorescence signals at the
two excitation wavelengths, Rλ, which correlates with the PS accumulation depth [42] may serve
as an additional predictive factor of PDT efficacy.

As it was shown by modelling, the value of Rλ characterizes in-depth distribution of PS, and the
increase in this value indicates the increase in the relative PS content at higher depths. The values
of Rλ in tumor ROI calculated before and after PDT procedure are shown in Fig. 4(d). For topical
application the values of Rλ are smaller (Rλ ∼ 1) as compared to those for intravenous injection
(Rλ ∼ 2), since the PS localization depth is higher in the latter case, which is in agreement with the
simulation predictions [42]. Quantitative depth estimations require further studies for particular
parameters, however, qualitative analysis is applicable. Analysis of Rλ provides an additional
information regarding PDT procedure: if the value of Rλ is preserved after the procedure, the
photobleaching in the tissue can be treated as more uniform, while significant alteration in Rλ
indicates a non-uniform photobleaching. A significant increase in Rλ (Rλ ∼ 5) as a result of blue
light procedure with intravenous injection (PDT_b200-i) is explained by dominant superficial
photobleaching, while red light procedure (PDT_r250-i) demonstrates the preservation of the
Rλ value; dual-wavelength regime (PDT_rb250-i) demonstrates smaller alteration as compared
to PDT_b200-i, indicating the non-uniformity that was provided by the blue light part. Topical
application regimes do not reveal any significant alterations as a result of the procedure, allowing
to assume that PS penetration depth is smaller or comparable to the light penetration depth at
both irradiation wavelengths. Thus, monitoring of Rλ provides an additional tool for analysis of
PDT impact depth.

Tumor temperature in the course of PDT procedure was controlled by an IR-thermometer. To
avoid tumor overheating during PDT, the light exposure was interrupted when the temperature
reached 42°C to provide heat relaxation. Prior to the procedure the average temperature in tumor
located on the mouse leg was 25.6± 0.5°C. Temperature increase ∆T as a result of irradiation for

Fig. 5. Temperature increase ∆T as the result of PDT and irradiation for different exposure
regimes.
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different regimes is shown in Fig. 5(b). Average temperature increase is higher for blue light and
dual-wavelength PDT regimes due to higher tissue absorption at 405 nm as compared to 660 nm,
and the regimes with red light irradiation induce reliably smaller temperature increase (p<0.02).
No statistically significant difference in the temperature increase between PDT regimes (both
intravenous and topical application) and corresponding IRR regimes was revealed.

3.2. PDT procedures outcomes

Red light PDT is a traditional approach for chlorin based PSs [54–56,69,70]. Panels of images
of tumor growth dynamics for red light exposure regimes (λ= 660 nm) are shown in Fig. 6.
This figure shows the images of an untreated tumor, tumor after red light exposure without PS
application (IRR_r250), and tumors undergone red light PDT protocol after topical administration
(PDT_r250-t) and intravenous injection (PDT_r250-i) prior to (Fig. 6(a)), immediately after
(Fig. 6(b)), in 1 (Fig. 6(c)), 4 (Fig. 6(d)), and 7 (Fig. 6(e)) days after exposure. The most
pronounced visual tumor degradation is achieved from the intravenous injection protocol.

Fig. 6. Photos of an untreated tumor, tumor after red light exposure without PS application
(IRR_r250), and tumors undergone red light PDT protocol after topical administration
(PDT_r250-t) and intravenous injection (PDT_r250-i) prior to (a), immediately after (b), in
1 (c), 4 (d), and 7 (e) days after exposure at λ= 660 nm with the light dose of 250 J/cm2.
Millimeter scale is given for reference.

Generalized data on tumor volume progression for different animal groups with topical PS
application (PDT-t) is shown in Fig. 7(a). Corresponding dynamics for tumor natural growth
(control) and irradiation only (IRR) groups are given as a reference. The most significant
suppression of tumor growth is observed for the PDT_b200-t group. Note that the treatment
efficiency partially correlates with the PE value, which is the highest for PDT_b200-t regime
among all topical application regimes. It is worth mentioning that the groups PDT_r250-t and
PDT_rb250-t do not demonstrate a significant difference from the corresponding IRR groups
though their PE values are above 70%. Moreover, although the tumor growth is suppressed or
slowed down in the groups with red light regimes during the first three days after the procedure
in comparison with the control group, in 7 days these tumors have the same average size as in the
control group.
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Fig. 7. Tumor growth dynamics after PDT procedures with topical PS administration (a)
and intravenous PS injection (b) for red (r) and blue (b) light procedures and combined action
(rb). Untreated (control) tumor growth dynamics and the results for irradiation without PS
administration are given for reference.

Results of tumor progression monitoring for the protocols with intravenous PS injection (PDT-i)
are shown in Fig. 7(b). Both PDT_r250-i and PDT_rb250-i protocols provide positive outcome
manifested by full suppression of tumor development observed in 5 days after the procedure.
Blue light protocol (PDT_b200-i) also yields tumor growth suppression, however, in one animal
the tumor disappearance was incomplete. This can be associated with smaller penetration depth
of the blue light and therefore, insufficient light dose delivered to the full thickness of the tumor
due to high superficial absorption. In accordance with visual inspection, a total of full responder
animals for the regimes with intravenous injection was 8 out of 9 animals in three PDT-i groups.

It is worth mentioning that both red light and dual-wavelength regimes demonstrate significant
difference depending on the PS application mode: topical application groups (PDT_r250-t and
PDT_rb250-t) demonstrate weak response manifested by initial suppression of tumor growth
followed by further tumor progression, while intravenous injection groups (PDT_r250-i and
PDT_rb250-i) demonstrate full response in all animals. On the contrary, the difference between
blue light regimes is weaker: PDT_b200-t regime demonstrates the strongest tumor growth
suppression among all PDT-t regimes, while PDT_b200-i includes only one non-responder. The
results are in line with the results of fluorescence monitoring: the intravenous regimes with deeper
PS accumulation demonstrated better response than topical application regimes. The blue light
intravenous regime, for which the demonstrated alteration of Rλ as a results of PDT procedure was
maximal, demonstrated weaker efficacy as compared to red light and dual-wavelength regimes, for
which the alteration was smaller. It is worth mentioning that non-contact temperature monitoring
demonstrates higher temperature increase (up to 42°C) during exposure by blue light and in
dual-wavelength regime in comparison to red light. In this connection, the observed effect can be
explained by a combined effect of PDT and hyperthermia with presumable prevalence of the
latter mechanism.

In order to quantify the effect of different exposures to tumors, we calculated the tumor
growth inhibition factor TGI according to Eq. (2) for the averaged values of tumor size in each
animal group in 4 and 7 days after the treatment. The results are summarized in Fig. 8. All the
protocols with intravenous PS injection demonstrate about 80% suppression of tumor growth
in 4 days after the treatment. Among all PS topical application groups only blue light regime
(PDT_b200-t) demonstrates a comparable effect, while for the two other color schemes it is less
pronounced (25 and 45% for PDT_r250-t and PDT_rb250-t, respectively). The irradiation only
regimes demonstrate TGI in the range of 49-62% for all three groups. The situation changes
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quite dramatically in 7 days after the exposure: for red light and dual wavelength exposures with
intravenous injection TGI reaches 100% together with 85% for blue light exposure caused by a
single animal with no full response in PDT_b200-i group. Both other red light regimes (IRR_r250
and PDT_r250-t) demonstrate zero TGI indicating that tumor reaches the size comparable to
that for the control group, allowing to assume that in the view of the preserved effect in 4 days,
additional procedures are recommended for these cases. Blue light exposure demonstrates highest
TGI values in 7 days among both irradiation only and topical application protocols (43 and 70%
for IRR_b200 and PDT_b200-t, respectively), although, they are lower than those in 4 days. The
trend for the TGI decrease in 7 days is also observed for dual-wavelength exposure for both
irradiation only and topical application protocols, which may also serve as an indicator for the
treatment protocol correction requirement.

Fig. 8. Tumor growth inhibition factor (TGI) for different treatment regimes in 4 (a) and 7
(b) days after the procedure.

3.3. OCT angiography

Results of OCT-A monitoring during 7 days since the procedure for the four groups (PDT_r250-t,
PDT_r250-i, IRR_r250, Control) are shown in Fig. 9. The images were acquired from the center
of the tumor, while the linear size of the tumor exceeded the linear size of the field of view,
thus, the entire imaging area corresponds to the tumor. Angiographic OCT images of tumors
prior to the exposure demonstrate typical microvasculature of tumor itself and tumor-supporting
vessels in superficial skin layers. These vessels have typical wavy shape and relatively large
density. Since OCT-A approach is based on the speckle correlation measurement [60], it maps
only vessels with active blood flow, while disappearance of vessels in OCT-A images indicates
interruption in microcirculatory activity and can serve as a positive prognostic factor of the tumor
response to the treatment [49,50]. Figure 9 demonstrates that total disappearance of the vessels
is observed only in PDT_r250-i group (bottom line), while for both control group and topical
administration protocol PDT_r250-t the microcirculatory activity is preserved.

Since typical time to observe the effect of microcirculation obliteration with OCT-A as a result
of PDT is 24 hours [49,50], OCT-A data in 1 day after exposure were analyzed and summarized
in Table 3 for all studied protocols. The number of occurrences of microcirculation interruption
similar to that acquired for the PDT_r250-i was calculated in each group. The values (Nr/Nt)
indicate the number of animals with complete microcirculation interruption (Nr) in accordance
to OCT-A out of total number of animals in the group (Nt). All the intravenous injection regimes
demonstrate tumor response manifested by microcirculatory activity suppression in all animals
24 hours after the procedure. Among other regimes, only blue light exposures, both PDT_b200-t
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Fig. 9. Results of angiographic OCT monitoring of natural tumor growth (Control),
tumor after IRR_r250 exposure without PS administration, after PDT with PS topical
administration (PDT_r250-t) and intravenous injection (PDT_r250-i) at λ = 660 nm with
dose of 250 J/cm2 prior to (a), immediately after (b), in 1(c), 4(d), and 7(e) days after exposure.
The bottom row corresponding to PDT_r250-i protocol demonstrates the interruption of
tumor microcirculatory activity observed by OCT-angiography.

and IRR_b200, demonstrate tumor response to the treatment in most animals manifested by
disappearance of the tumor vasculature in OCT-A images. Only one animal had microcirculation
interruption in PDT_rb250-t group.

Table 3. Microcirculation interruption in tumor as a result of exposure observed by OCT
angiography for different animal groups (microcirculation interruption occurrences/total number of

animals in a group)

Treatment protocol
Exposure regime

r250 b200 rb250

PDT-i 3/3 3/3 3/3

PDT-t 0/3 3/3 1/3

IRR 0/3 2/3 0/3

Control 0/5

The results of OCT monitoring are in good agreement with the results of visual inspection,
which revealed that full tumor response to treatment is observed primarily for the intravenous
injection protocols. The observed results are also in line with the results of other papers on
OCT monitoring of PDT protocols with intravenous PS injection [49,50]. It is worth mentioning
that since the probing depth of OCT-A is limited by 1 mm, only microcirculation interruption
in superficial tumor tissues can be revealed with this technique, while underlying tumor layers
may preserve blood supply. This explains a non-responder in PDT_b200-i group for which the
OCT-A indicated microcirculation interruption and is in line with results reported in paper [50],
which demonstrated superficial tumor necrosis with underlying viable tumor in a non-responder
after PDT with intravenous injection. The most pronounced response in irradiation only and
topical application groups provided by the blue light regimes is consistent with the results of our
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previous study on normal tissues [13]. Note that OCT monitoring results do not demonstrate any
difference between different intravenous injection groups, on the contrary to dual-wavelength FI
results which revealed difference in Rλ alteration as a result of PDT procedure.

3.4. Histology study

Histological images of tumor tissue for different animal groups are shown in Fig. 10. Table 4
summarizes typical features revealed by histology examination for all the considered groups
together with the tumor response scores. Histological studies demonstrated that no alterations
or weak alterations in tumorous cells morphology were revealed in the control untreated group
(Grade 1), in IRR_r250 and IRR_rb250 group in 7 days after the treatment (Grade 2 and 1,
respectively). It is worth mentioning that even in the case of natural growth the employed
tumor model may exhibit necrotic cells in the tumor core due to weakened blood supply in the
tumor center caused by fast tumor development (spontaneous necrosis). Despite the absence of
complete tumor response to PDT procedures with topical PS application, histological studies
revealed morphological alterations for these treatment regimes. PDT_r250-t and PDT_rb250-t
groups demonstrate Grade 2 tumor response corresponding to weak alterations, although local
necrosis foci are revealed for these groups. Both blue light regimes with irradiation only and
topical application of PS demonstrate higher tumor response grade (Grade 2 and 3 for IRR_b200
and PDT_b200-t, respectively) as compared to red light and dual-wavelength exposure, which
may be associated with partial hyperthermia effect.

On the contrary, PDT_b200-i group demonstrates the lowest response score from all intravenous
injection groups (Grade 3 for PDT_b200-i versus Grade 4 for PDT_r250-i and PDT_rb250-i),
although it exceeds all scores for control, irradiation only and topical application groups, except for
PDT_b200-t regime with the same Grade 3. PDT_r250-i and PDT_rb250-i groups demonstrate
the best tumor response scores (Grade 4) in all animals. It is worth mentioning that PDT
regimes with intravenous injection demonstrate vessel destruction occurrences in histological
analysis confirming vascular mechanism of PDT with chlorin-based PS. Essential morphological
alterations not observed in the control group and serving as the indicators of tumor response
to treatment include active proliferation of connective tissues, pathological mitosis, appearance
of giant cells and hyalinosis. Increase of mitotic activity may serve as the initial sign of tumor
reaction to the exposure, while appearance of cells with pathologic mitosis and giant cells
indicate significant morphologic alterations with high probability of further full tumor response.
The results of histological analysis are in line with both in vivo OCT observations and tumor
growth monitoring. OCT observations reveal interruption in the tumor microcirculation for
PDT_r250-i and PDT_rb250-i groups. The same groups demonstrate strongest response to
treatment in accordance with the tumor size monitoring and show no observable tumor in 7 days
after treatment, which agrees with the highest tumor response score derived from the histological
analysis.

Concerning blue light regimes, both irradiation only (IRR_b200) and topical application
(PDT_b200-t) regimes demonstrate better tumor growth suppression than corresponding red
light and dual-wavelength regimes. This is in agreement with morphological studies which show
significant tumor response score in these groups. This effect, on the one hand, may be associated
with additional hyperthermia of the tumor, since the absorption of blue light in tissues is stronger
than of red light. On the other hand, it is worth mentioning that typical temperature increase
values are comparable for the blue light and dual wavelength regimes, although the total dose of
the light absorbed in the superficial tumor layers is higher for the blue light regimes.
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Fig. 10. Histological images of tumors in 7 days after red light exposure (a - PDT_r250-i,
d - PDT_r250-t, g - IRR_r250), blue light exposure (b - PDT_b200-i, e - PDT_ b200-t, h -
IRR_b200), dual-wavelength exposure (c - PDT_rb250-i, f - PDT_rb250-t, i - IRR_rb250),
and an untreated tumor (j). Typical observed changes are outlined in the figures: (1)
dystrophic cell alterations and necrobiosis, (2) vessel destruction, (3) increased mitotic
activity and formation of giant cells, (4) inflammatory infiltration, (5) hyalinosis of tumor
stroma.
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Table 4. Tumor response scores for different animal groups derived from histologic studies

Treatment
protocol

Exposure regime

r250 b200 rb250

PDT-i Grade 4. Destruction of tumor
tissue with the presence of
massive necrosis. Full
elimination of tumor blood
vessels in a single sample.
Proliferation of connective
tissue, hialynosis. Partially
preserved tumor tissue with
excessive presence of pathologic
mitoses and giant cells.

Grade 3. Absence of typical
tumor morphology as a result of
massive necrosis, pronounced
microcirculation disorders, and
proliferation of connective
tissue. Inflammatory reaction
manifested by round-shaped
cells. Increase in mitotic activity
with the presence of pathologic
mitoses and giant cells.

Grade 4. Massive necrosis with
areas of full elimination of
tumor tissue. Proliferation of
connective tissue both at the
periphery and in the tumor
center, hialynosis. Partially
preserved tumor tissue with the
excessive presence of pathologic
mitoses and giant cells.

PDT-t Grade 2. Areas of unaltered
tumor tissue, partial dystrophic
and necrobiotic alterations of
tumor cells. Alterations in
tumor stroma manifested by
microcirculation disorders,
hemorrhages, focal proliferation
of connective tissue, and focal
increase of mitotic activity.

Grade 3. Absence of typical
tumor morphology as a result of
massive necrosis, pronounced
microcirculation disorders, and
proliferation of connective
tissue. Pronounced
inflammatory reaction. Increase
in mitotic activity with the
presence of pathologic mitoses
and giant cells.

Grade 2. Areas of unaltered
tumor tissue, partial dystrophic
and necrobiotic alterations of
tumor cells. Alterations in
tumor stroma manifested by
microcirculation disorders,
hemorrhages, focal proliferation
of connective tissue, and focal
increase of mitotic activity.

IRR Grade 2. Areas of unaltered
tumor tissue, partial dystrophic
and necrobiotic alterations of
tumor cells. Alterations in
tumor stroma manifested by
microcirculation disorders,
hemorrhages, focal proliferation
of connective tissue, and focal
increase of mitotic activity.

Grade 2. Destruction of typical
tumor structure due to cells
dystrophic alterations, focal
necrosis and focal proliferation
of connective tissues. Weak
manifestation of inflammatory
reaction by round-shaped cells
infiltration. Increase in mitotic
activity with the presence of
pathologic mitoses and giant
cells.

Grade 1. Primarily unaltered
tumor tissue, partial dystrophic
and necrobiotic alterations of
tumor cells. Alterations in
tumor stroma manifested by
microcirculation disorders,
hemorrhages, focal proliferation
of connective tissue, and focal
increase of mitotic activity.

CONTROL Grade 1. Primarily unaltered tumor tissue, partial dystrophic and necrobiotic alterations of tumor cells.
Alterations in tumor stroma manifested by hemorrhages, focal proliferation of connective tissue, and
focal increase of mitotic activity.
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4. Conclusion

A comparative study of red and blue light PDT regimes with topical application and intravenous
injection of PS was performed in laboratory mice in vivo. Fluorescence imaging allowed to trace
the PS accumulation and its photobleaching as a result of a PDT procedure. The photobleaching
kinetics was demonstrated to be well fitted by a bi-exponential curve with the “fast” rate constant
exceeding the “slow” one for about an order of magnitude. The difference in the observed
kinetics is determined by different distribution of PS within tissue depending on the way of PS
administration, different in-depth distribution of red-light and blue-light irradiance, and different
FI probing volume depending on the fluorescence excitation wavelength. Dual-wavelength FI
modality allowed to reveal the difference in typical procedure impact depth for intravenous PS
injection based on the fluorescence signal ratio. Photobleaching efficiency averaged over the
animal group varied between 70 and 90%.

Analysis of the tumor progression after treatment demonstrated that all the considered PDT
regimes suppress tumor growth. However, for red light exposure with topical PS application
and the irradiation only regime, the tumor size reaches that for the control group in 7 days after
the treatment. Dual-wavelength regime shows partial suppression of tumor in relation to the
control group, while blue light regime provides the most pronounced effect among both PS
topical application and irradiation only groups. Relatively low response of tumors to PDT with
topical PS administration presumably originates from weak accumulation of PS in deeper tissues.
Observations in groups with intravenous PS injection demonstrate opposite trends: red light and
dual-wavelength regimes provide good tumor response and treatment outcome, while the blue
light group contains a non-responder. This effect may be associated with low penetration depth
of blue light, which may prevent delivery of the necessary light dose to deeper tumor layers and
was confirmed by dual-wavelength FI observations. The results of tumor growth analysis are in
line with OCT-A observations: the animals with high tumor growth suppression demonstrated
interruption in microcirculatory activity in tumor according to OCT-angiography data, while
tumors with low response demonstrated preservation of microcirculation after the procedure.

The results of histology study also correlate with the tumor development observations. Red
light and dual-wavelength regimes of PDT with intravenous PS injection demonstrate the highest
grades of tumor response in accordance with morphology analysis. Observed effects include
tumor cell necrosis, pathological mitosis, hemorrhage, and destruction of vessel walls. Blue light
PDT group with intravenous injection demonstrates weaker response with a possibility for further
tumor progression in one case. On the contrary, the most significant morphological alterations in
groups of PDT with topical application and irradiation only are observed for blue light. Control
group also demonstrates particular pathological alterations due to fast tumor development that
leads to spontaneous necrosis.

The employed approach of PDT optical monitoring in vivo including newly introduced dual-
wavelength FI and OCT-A allowed to reveal peculiarities in PDT performance with different
ways of PS administration and different irradiation wavelengths thus showing its potential for
further extensive use in various PDT applications.
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